is the under bead cell thickness. This paper provides original analytical expressions of these correcting functions as well as the critical values of the cell thickness below which corrections of the apparent modulus are necessary to get an accurate value of cell Young's modulus. Moreover, considering these results and taking benefit of previous results obtained on the estimation of cell Young's modulus of adherent cells probed by magnetic twisting cytometry (MTC) (Ohayon, J., and Tracqui, P., 2005, Ann. Biomed. Eng., 33, pp. 131-141)
Introduction
It is now widely recognized that cell mechanical properties and the associated level of tensional forces in the cytoskeleton are key elements of the mechanochemical signaling pathways, which control a variety of fundamental cell functions ͓1-5͔. Thus, during the past 10 years, characterization of cell rheological properties has been conducted with the aid of a quite large spectrum of micromanipulations techniques, including micropipette aspiration ͓6-9͔, cell poking ͓10-12͔, atomic force microscopy ͓13-16͔, microplates ͓17-19͔, optical tweezers ͑OT͒ ͓20-27͔, optical stretchers ͓28-30͔, magnetic tweezers ͓31-34͔, magnetic twisting cytometry ͑MTC͒ ͓2,22,35-45͔ or particle tracking ͓46-48͔. Nevertheless, despite the real advances on characterization of cell mechanical properties generated by these experimental studies, there is still a need for more accurate and reliable estimates of cell mechanical moduli, since the values derived from experimental data still appear to largely depend on the micromanipulation technique used.
Such discrepancies may have multiple origins, not only related to differences in the cell type or in experimental conditions, but also to generally unconsidered various geometrical factors linked to the probing system itself and to cell morphologies. Thus, Mijailovich et al. ͓49͔ pointed out such a dramatic influence of geometrical factors, exhibiting that apparent cell stiffness might vary with cell height and bead embedding angle. More recently, Ohayon and Tracqui ͓41͔ extended this analysis by considering the mechanical response of adherent cells probed by MTC. By providing explicit relationships which allow to derive the cell Young's modulus ͑CYM͒ from the apparent elasticity modulus given by MTC experimental data, they showed that a fivefold increase of CYM could be made if the influence of geometrical factors is neglected.
In this framework, we developed a new theoretical analysis of the error which can be made on CYM estimation when adherent cells are probed with optical and magnetic tweezers. The me-chanical stimulation generated by both micromanipulations techniques indeed follows the same simplified principle: a spherical bead, attached to the cell, is submitted to an external force and exerts a mechanical deformation to the cell. Beads are prefunctionalized to insure their attachment to the cell surface. Usually, a precoating with the peptidic RGD ͑arginine-glycine-aspartate͒ sequence is used to insure the bead binding to integrin transmembrane receptors and thus to the cell cytoskeleton. Typically, silica microbeads ͑2.1-5.5 m diameter͒ are used for optical tweezers traps ͓21,24͔, while magnetic tweezers experiments make use of ferromagnetic beads ͑2 -4.5 m diameter͒ ͓31,50͔. In both techniques, an unidirectional force is slowly applied to the attached bead, which generates a combination of bead rotation and translation up to an equilibrium point where the cell resistive stress counterbalances the external force.
In this work, we developed a 3D analysis of the optical tweezers and magnetic tweezers experiments, based on a finite element computation of the cell mechanical response. We assumed the cell behaves as a hyperelastic material, whose mechanical behavior is modelled by a strain energy function already proposed in cell biomechanical studies ͓17͔. Our aim is to estimate possible over or under estimation of the real CYM, compared to the apparent cell stiffness inferred from experimental data. More precisely, we extend and generalize the computation of the CYM by establishing, in the whole range of experimental values taken by the bead embedding angle 2␥, cell height h and bead radius R, analytical expressions of the necessary correcting functions. In this extensive analysis of a large set of different cell/probing system geometries, we determine critical values of the cell height below which such functions are required to correct the apparent elasticity modulus value. Furthermore, we were able to show that, once properly corrected on the basis of our results, the still unexplained discrepancies between different techniques like MTC and OT is reduced. More generally, we finally discussed how this study may strengthen the applicability of optical and magnetic tweezers techniques by providing a more accurate estimation of the Young's modulus of the probed cell.
Methods
Computations of the bead translation and rotation induced by the applied force were performed by using a finite element method ͑Ansys 10 software, Ansys, Inc., Cannonsburg, PA͒.
Finite Element Analysis

Cell-Bead Geometries.
The cell-bead geometry is modeled by a parallelepipedic cellular volume of size ͑l ϫ l ϫ h͒ with an embedded bead of radius R at its upper surface. Interestingly, by using the symmetrical plane passing across the center of the bead, we restricted our analysis to half the cellular-bead volume ͑Fig. 1͒. The main parameters defining this geometrical model and affecting the mechanical response are ͑Fig. 1͒: the cell size l, the cell thickness h, the bead radius R, and the immersion ͑or embedding͒ angle 2␥ ͑see inset of Fig. 1͒ . In agreement with experimental data ͓22,51͔, we simulated the cell response for approximately 300 different realistic cell-bead geometries, each corresponding to a given triplet of parameter values for R ͑R =1-5 m by the step of 2 m͒, ␥ ͑␥ = 15 deg and 20 deg to 90 deg by a step of 10 deg͒ and h ͑h =1-6 m by a step of 1 m and 8 m to 20 m by a step of 4 m͒. All possible combinations of these values have been considered as far as they correspond to realistic topologies, i.e., with the bead remaining above the substrate. Notice that the bead was modeled as a rigid shell since its stiffness is of several orders of magnitude larger than the cell stiffness.
Cell Material Properties.
As in the previous studies of Caille et al. ͓17͔ and of Ohayon et al. ͓41͔ , the cellular medium is assumed to be homogeneous and quasi-incompressible ͑initial Poisson's ratio 0.49͒. The following neo-Hookean strain energy function W was used to model the hyperelastic cell mechanical behavior ͓52͔,
where a is the material constant ͑in Pa͒, while I 1 is the first invariant of the right Cauchy-Green strain tensor C ͑I 1 = Trace͑C͒ ͓52͔͒.
For such a quasi-incompressible medium, an explicit relationship between the CYM E cell and the material constant a exists, which reads E cell =2a͑2+ −3 ͒, where is the extension ratio in the direction of the uniaxial stress. Notice that in our case, i.e., for small extension ratio ͑ ϳ 1͒, this expression reduces to E cell ϳ 6a.
Mesh.
The structural mesh is composed approximately of 13,000 nodes and 7,800 tetrahedral solid elements ͑Ansys, solid187͒, specifically designed to compute the behavior of hyperelastic materials.
Boundary Conditions.
The boundary conditions, specified on half of the cell-bead geometry ͑Fig. 1͒, are as follows:
͑i͒ to model the assumed complete attachment of the cell membrane to the underlying rigid substrate, zero displacement condition was imposed to the basal cell surface. ͑ii͒ due to the symmetry condition of our problem, zero normal displacement was imposed on the cell-bead section belonging to the plane of symmetry. ͑iii͒ free boundary conditions were assumed for all the remaining cell surfaces. ͑iv͒ as external loading, an horizontal force parallel to the plane of symmetry is applied on the center of the bead. ͑v͒ full adhesion, with no-slip condition, is imposed at the bead/cell interface.
Background for the Calculation of Apparent Cell Stiffness From Bead Displacements.
In the case of a spherical bead fully embedded in an infinite linear elastic and incompressible medium, one can obtain an analytical relationship between the applied mechanical force F and the resulting bead translation U, as a function of the cell's Young modulus E and bead radius R ͓53͔, 
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where S =4R 2 is the bead surface and ␦ is the normalized bead translation U / R. Since in tweezer experiments, the apparent cell elastic modulus E ap may be computed from either lateral normalized bead translation ␦ or associated bead rotation , we considered the following relationships ͓41,49͔:
Obviously, these apparent material moduli are not the intrinsic Young's modulus of the cell, because they incorporate the effects of the geometrical parameters h, R, and ␥ on the mechanical response. Thus, once may assume that it exists some correcting functions ␣ and ␤, depending at least on the geometrical parameters h, R, and ␥, which relate apparent and real cell elastic modulus through relationships of the form ͓41,49͔:
In order to assess the magnitude of these correcting functions, it is crucial to study their modifications with regard to the geometrical parameters values and to explicit their expression as functions of h, R, and ␥.
Identification of Relevant Dimensionless Geometrical Parameters.
In tweezer experiments, the bead diameter ͑2R͒ is typically ten times smaller than the length of the basal surface. Therefore, the length l was taken to be equal to 20R. Interestingly, we found from our calculations that the ratio h u /2R, i.e., the under bead cell thickness divided by the bead diameter ͑Fig. 1͒, appears as a key dimensionless geometrical parameter for the quantification of the cell response. This result indicates that the geometrical factors influencing the mechanical response are only h u /2R and ␥. For the 300 considered geometries previously defined, these two parameters appear to be in the following ranges: 0.1Յ h u /2R Յ 10 and 15 degՅ ␥ Յ 90 deg.
Results
Using the previously defined finite element model, the bead motion and associated cell deformation have been simulated for each of the 300 parameter sets we considered. In optical and magnetic tweezers experiments, both bead translation and bead rotation can be observed and may be reasonably measured. Thus, we showed how CYM can be obtained from our computation knowing the imposed force and the measurement of either the bead translation or the bead rotation.
Influence of Cell Thickness on Intracellular Strain
Distribution. The importance of the cell thickness on the spatial distributions of effective strains within the cell is clearly highlighted in Fig. 2 . Considering the typical values of bead radius and embedding angle reported in micromanipulation experiments ͓22͔, we showed in Fig. 2 the simulated cell response obtained with R = 2.5 m and ␥ = 65 deg, respectively. The magnitude of the horizontal force imposed on the bead center was 50 pN, in agreement with the range of forces obtained by optical traps ͓21͔. In these simulations, the CYM has been fixed to E cell =6a = 500 Pa. Figure 2 shows that decreasing cell height h from 6.5 m ͑i.e., h u /2R = 1.011͒ to 2 m ͑i.e., h u /2R = 0.111͒ has a major effect on the spatial effective strain distribution, but does not affect the amplitude of the maximal strain. The influence of the bead embedding is more precisely analyzed in the next paragraph.
Expressions of the Nonlinear Correcting Functions
␣"h u /2R , ␥… and ␤"h u /2R , ␥…. The values of the correcting functions ␣͑h u /2R , ␥͒ and ␤͑h u /2R , ␥͒ have been computed from Eqs. ͑3͒ and ͑5͒ and Eqs. ͑4͒ and ͑6͒, respectively ͑Fig. 3͒. In the particular case of a half-embedded bead ͑␥ = 90 deg͒ in a semiinfinite medium ͑approximated here by a cell thickness of 20R, which gives a ratio value h u /2R = 9.5, see Fig. 3 ͑A͒, we found a correcting coefficient ␣ equal to 0.486, in agreement with the analytical estimation of 0.5 previously reported in ͓22͔.
Notice that the highest values of the correcting coefficients are observed for smallest values of h u /2R and largest values of ␥ ͑Fig. 3͒. Indeed, with such geometries, the mechanical cell's response is very sensitive to the boundary condition imposed on the basal surface ͑i.e., full cell attachment to the rigid substrate͒, which increases the apparent cell stiffness.
A complete set of values for the functions ␣͑h u /2R , ␥͒ and ␤͑h u /2R , ␥͒ has to be provided in order to estimate the intrinsic Young's modulus of adherent cell probed by optical and magnetic tweezers. Therefore, a series of fit has been performed, for fixed embedding half angles and increasing ratio h u /2R, against the computed values of ␣ and ␤. As in the work of Ohayon et al. ͓41͔, a very satisfactory fit ͑exemplified in Fig. 4 for ␥ = 80 deg͒ has been obtained when assuming for each embedding half angle ␥ i hyperbolic relationships of the form
Accordingly, polynomial expressions of the functions A ␣ ͑␥͒, B ␣ ͑␥͒, A ␤ ͑␥͒, and B ␤ ͑␥͒ have been derived in order to obtain a complete description of the correcting functions ␣͑h u /2R , ␥͒ and ␤͑h u /2R , ␥͒. The best fit ͑Fig. 5͒ to the simulated cell response for the 300 cell/bead geometries we considered is obtained when considering the following polynomial expression of the functions A ␣ ͑␥͒, B ␣ ͑␥͒, A ␤ ͑␥͒, and B ␤ ͑␥͒:
͑12͒
An excellent goodness of fit has been obtained with the values reported in Table 1 .
Parametric Domain in Which a Correction of Cell Apparent Stiffness is Required.
A direct benefit of our study is to allow a precise determination of the thresholds beyond which a correction of cell apparent stiffness is required. Allowing a relative error of at most 25% on the CYM estimation, we established in Fig. 6 the domains in which the value of the CYM E cell must be corrected. The domain boundaries have been computed by considering the critical values of the ratio h u /2R and the embedding half angle for which the values of the coefficient ␣ ͑Eq. ͑5͒͒ becomes larger than 1.25 and smaller than 0.75.
Nonlinear Geometric Effects.
To investigate the influence of the geometrical nonlinearity on the cellular response during OT micromanipulations, we performed additional computations of the force-bead displacement using a linear elastic stressstrain law instead of Eq. ͑1͒ to model the mechanical cell behavior. Interestingly, it appears that for the 300 bead/cell geometries previously defined, the relationship between the bead displacement and the applied force always remains linear, even under large cell strains ͑i.e., up to 30%͒, which indicates that the geometrical nonlinearity effects are negligible in this study.
Discussion
Cell elasticity values derived from micromanipulations experiments exhibit large dispersions, as pointed out in the literature ͓54͔. One can infer that such dispersions may be related not only to the specificity of the used micromanipulation technique, to variations of experimental conditions or cell types, but also to geometrical factors. However, systematic and quantitative analyses of such discrepancy are still largely lacking. In the work of Laurent et al. ͓22͔ , only the influence of the bead embedding angle was considered. Interestingly, Karcher et al. ͓55͔ also Transactions of the ASME pointed out the importance of cell thickness, but without providing explicit quantification of its influence on the Young's modulus estimation of the probed cell.
In this work, we provide a rather extensive and quantitative analysis of the cell mechanical response in optical and magnetic tweezers experiments which enables first, to know if correction of apparent stiffness derived from experimental data is necessary and second, to give explicit correcting functions which insure a more accurate derivation of the CYM from the experimental data. Let us notice that this estimation can be made from measurements of either bead translation or bead rotation.
Considering the cell as a linear and quasi-incompressible hyperelastic material, our finite element analysis established that the bead embedding angle 2␥ and the normalized ratio h u /2R are the more relevant geometrical parameters for the computation of the correcting functions. This second geometrical factor was not considered up to now in the analysis of data obtained in tweezer micromanipulation experiments, which lead us to consider its relevance and impact on previously published results.
Thus, we compared the values of the correcting function ␣ derived from our model ͑Eq. ͑7͒͒, to those computed from the analytical solution which has been proposed by Laurent et al. ͓22͔, namely,  ␣ La ͑␥͒ = 4 sin 3 ͑␥͒ 3͑3 sin 2 ͑␥͒ + 2 cos͑␥͒͒ ͑13͒ Figure 7 shows that, globally, this correcting function ␣ La tends to overestimate the amplitude of the CYM. Indeed, the plotted difference ͑␣ La − ␣͒ ͑Fig. 7͒ shows that the function ␣ La provides a good correction of the apparent cell stiffness in two cases only: ͑i͒ for high values of h u /2R ͑i.e., in a geometrical configuration equivalent to a semi-infinite medium͒, and ͑ii͒ for small values of "9…-"12… and used for the estimation of the two correcting functions ␣ and ␤ "see Eqs. "7… and "8……. In these functions, ␥ is expressed in radian. the bead embedding half angle ␥, with a upper threshold around 30 deg. In other situations, the overestimation of the CYM becomes significant and increases rapidly with decreasing values of h u /2R ͑i.e., when the influence of cell thickness can not be longer neglected͒. Starting with the correcting functions established by Laurent et al. ͓22͔ ͑Table 2, column 3͒, we inferred the corresponding values of the apparent cell stiffness ͑Table 2, column 4͒. Considering additionally a cell thickness h = 3.66 m ͑Table 2, column 5͒ and taking the benefit of the more accurate functions we established both for MTC experiments ͓41͔ and for OT ͑Eq. ͑7͒͒, we computed in Table 2 ͑column 6͒ the correcting values ␣ corresponding to the geometrical bead/cell interface parameters given in Table 2 ͑columns 1͒. This correcting procedure leads to a resulting cell stiffness of 48 Pa with MTC probing and of 103 Pa with OT probing ͑Table 2, column 7͒, which already decreases by twofold the discrepancy initially reported in Laurent et al. ͓22͔. Then, one may hypothesize that this still remaining difference between the two estimated cell stiffness values can be due to a variation in cell thickness. Indeed, in OT experiments, micromanipulated beads are located at the cell periphery, which is a relatively flat area for spread cells ͓56͔. Therefore, the cell thickness is then smaller than in MTC experiments, where beads appear more likely located in the central ͑and thicker͒ part of the cell body ͓40͔. Taking these experimental features into consideration, the cell thickness was treated as an unknown in our simulations and we tried to identify a value of parameter h leading to a CYM of 48 Pa, i.e., equal to the one derived from MTC data. Thus, by considering a correcting coefficient ␣ equal to the ratio E ap / E cell = 35/ 48, we found as a solution of this identification problem a cell thickness h * = 1.78 m, which satisfies the experimental constraints quoted above since: ͑i͒ h * is smaller than the 3.66 m cell thickness considered in MTC, ͑ii͒ h * falls in the range of cell thickness values reported in OT experiments ͑S. Henon, personal communication͒.
Coherence Between Cell Young's Modulus Estimations
Taken as a whole, this work thus provides a refined analyze of the influence of cell thickness and bead immersion on CYM estimation when a homogenized description of the cellular medium is considered. We also assumed that the duration of the force application is short enough to avoid significant remodeling of the cytoskeleton. However, this analysis does not consider explicitly additional structural factors that might influence this estimation and which deserve to be discussed. First, the cell nucleus, which is roughly ten times stiffer than the cytoskeleton, obviously tends to harden the cell body. However, a recent paper of Ananthakrishnan et al. ͓28͔, based on cell micromanipulations with optical stretchers, reported that a three-layered model, which explicitly takes into account the nucleus, gives only a limited improvement of the fit to the deformed shape of fibroblasts when compared to the fit obtained with a simplified thick shell model. Such results are similar to the ones we reported previously in the case of adherent cells probed by MTC ͓57͔. In this last work, two kinds of simulations were performed for the same rheology of the cell cortex: in the first one, the nucleus is much stiffer than the cortex ͑hetero-geneous cell͒, while in the second case the elasticity modulus of the nucleus is equal to the cortex modulus ͑homogeneous cell͒. As expected, the homogeneous cell is more compliant than the heterogeneous cell, but the two nonlinear torque-bead rotation response curves remain rather close, even for large torque values.
Secondly, this study does not analyze the influence of the potential anisotropy of the cell cytoskeleton. When probing adherent and elongated cells with stress fibers by MTC, Hu et al. ͓58͔ observed that the mechanical stiffness transverse to the long axis of the cell was roughly half that parallel to the long axis. This indicates that the CYM estimation must be evaluated in the light of additional data obtained on the orientation of actin stress fibers in the probed cells.
Boundary conditions, at the cell/substrate interface, might also significantly affect the cell response. In the case of adherent cells probed with MTC, we thus showed that the adhesion area and Transactions of the ASME relative orientation with respect to the mechanical torque significantly affect the cell mechanical response ͓40͔. Once again, additional data on the spatial heterogeneity of cellular adhesion patterns of the probed cells have to be considered if still more accurate estimation of the CYM is required. Another limitation of our approach focuses on the static elastic response of the cell. Considering that tweezers micromanipulations are also often used to analyze the viscoelastic response of cells ͓11,18,20,31,39,43,50͔ , it is worth underlying that our study may be extended to correct the linear viscoelastic properties of the cytoskeletal medium ͓59-61͔. Indeed, because the correcting functions ␣͑h u /2R , ␥͒ and ␤͑h u /2R , ␥͒ are only geometrydependent, the computed results can be generalized such that Ẽ ap ␦ ͑f͒ = ␣͑␥ , h u /2R͒ Ẽ ͑f͒ and Ẽ ap ͑f͒ = ␤͑␥ , h u /2R͒ Ẽ ͑f͒, where Ẽ ap ␦ , Ẽ ap and Ẽ are complex moduli and f is the excitation frequency ͓59͔.
Thus, this study may strengthen the applicability of optical and magnetic tweezers techniques by insuring a more precise estimation of the intrinsic cell elastic modulus in different context. In particular, the correcting functions we established may be especially relevant when a precise characterization of cell elastic properties is used as a landmark of cellular pathologies as well as a characterization of the efficiency of their treatment ͓38͔.
